Context: Numerous recovery strategies have been used in an attempt to minimize the symptoms of delayed-onset muscle soreness (DOMS). Whole-body vibration (WBV) has been suggested as a viable warm-up for athletes. However, scientific evidence to support the protective effects of WBV training (WBVT) on muscle damage is lacking.
U naccustomed exercise, especially eccentric contractions, can cause muscle damage. This damage is characterized by decreased muscle force production, 1,2 increased serum creatine kinase (CK) activity, 3 ultrastructural disruption, 1,2 inflammation, 4 and increased proteolytic activity. 5 The damage generally develops 24 to 48 hours after eccentric exercise and is usually described as delayed-onset muscle soreness (DOMS), 1 which is evident as disruption of the normal banding patterns (alignment) of skeletal muscle and broadening or complete disruption of sarcomere Z lines. 3, 6 The disruption leads to release of CK, which in turn contributes to strength deficits. 1, 4 In eccentrically exercised muscle, edema, resulting from production of prostaglandin E 2 , has been observed at 24, 48 , and 72 hours. 7 Prostaglandin E 2 also sensitizes the group IV afferent fibers of muscle connective tissue, which are responsible for dull, aching pain. 7 Eccentric exercises are widely used as a basic component of strength-training programs. However, eccentric contractions may cause high-stress damage to recruited fibers 8 (predominantly fast-twitch fibers 2, 6, 9 ) when compared with concentric contractions. 10, 11 If this stress could be distributed over a greater number of active motor units, more fibers could be synchronously recruited during eccentric contractions and less damage would be expected.
During the last decade, a novel form of exercise based upon the application of sinusoidal vibrations to the body, called whole-body vibration (WBV), has been introduced for enhancing the force-generating capacity in humans. 12 The WBV training (WBVT) aims to mechanically activate muscles by eliciting neuromuscular activity (muscle reflexes). Studies on the efficacy of WBVT are equivocal. Both positive (improved flexibility, 13 power, 14 muscle strength, 15 and performance 16 ) and negative or no results 17, 18 have been reported. In part, this ambiguity is caused by differences in experimental design, populations tested, and WBV devices used. Moreover, the exact mechanism that regulates how the body reacts to vibratory stimulus is currently unclear. The most-often mentioned mechanism is the elicited neuromuscular activation. 12, 19 Local tendon vibrations and local muscle vibrations induce activity of the muscle spindle Ia fibers, which are mediated by monosynaptic and polysynaptic pathways. 20, 21 A reflexive muscle contraction known as a tonic vibration reflex (TVR) arises in response to such vibratory stimulus. 20 In WBVT, mechanical vibrations are usually transmitted to the body by oscillating platforms. Vibrations are then transferred from the platform to a specific muscle group. Stimulating the sensory receptors and afferent pathways with WBV may lead to a more efficient use of the stretch reflex. In addition, soft tissues act as wobbling masses vibrating in a damped manner in response to mechanical excitation. 22 The muscle-tuning hypothesis suggests that the neuromuscular system works to dampen the soft tissue oscillation that occurs in response to vibrations; muscles alter their activity to dampen the vibrations, preventing any resonance phenomenon. 22 This, in turn, can lead to a more efficient recruitment and synchronization of motorunit populations. 12 Regarding the role of WBV in improving muscle function, it would seem plausible to assume that WBVT may also be effective in preventing muscle damage. In fact, increased synchrony of motor-unit firing reduces myofibrillar stresses during a bout of eccentric exercise, based on the distribution of contractile stress over a larger number of active fibers. Therefore, less subsequent myofibrillar disruption would be expected. Accordingly, a recent study 23 showed that applying local vibration of 50 Hz before downhill running was effective in attenuating DOMS.
Thus, we hypothesized that applying WBV before eccentric exercise may protect the muscle fibers against further damage. Consequently, our purpose was to address the potential effects of WBV in attenuating DOMS, muscle-strength loss, swelling, and CK activity.
METHODS

Participants
A total of 37 untrained university students volunteered for the study. Four participants did not fulfill the inclusion criteria, and 1 participant failed to finish the study. As a result, 22 women and 10 men were randomly allocated to the WBV-training (n 5 15) and non-WBV-training (control; n 5 17) groups. In the WBVT group, age, height, and mass were 21.46 6 2.66 years, 162.81 6 6.31 cm, and 65.13 6 10.12 kg, respectively; in the control group, the values were 21.88 6 1.93 years, 164.24 6 10.85 cm, and 63.29 6 14.11 kg, respectively. We excluded volunteers with a history of resistive or aerobic exercise training for at least 1 year before the study and anyone with a possible contraindication for WBV (eg, diabetes, epilepsy, metabolic or neuromuscular disease, osteoporosis, osteoarthrosis, prosthetics, menstrual irregularities, or orthopaedic injuries, similar to Roelants et al 24 ) . Participants were instructed not to take any medication or dietary supplements and not to perform any sports activities or unaccustomed exercise during the data-collection period. Each volunteer provided written informed consent before testing. The study was approved by the research ethics committee of the Tehran University of Medical Sciences.
Experimental Design
In 2 sessions separated by 2 to 3 days, participants were familiarized with the dynamometer by performing 2 trials of perceived maximal isometric and eccentric actions at 606/s separated by 1 minute of rest. We chose this velocity based on results showing that muscular torque exerted during isokinetic testing decreased with increasing angular velocity of movement. 25 Each participant performed a 5-minute warm-up on a stationary cycle ergometer. Both the WBVT and control groups performed 6 sets of 10 maximal voluntary eccentric contractions, separated by 3 minutes, to induce DOMS. Before performing the DOMS-inducing exercise, the WBVT group received vibration loading on a WBV platform in a half-squat position for 1 minute. Therefore, the independent variables were the 2 conditions: treatment (WBVT) and control.
Dependent variables consisted of maximal voluntary isometric and isokinetic knee extensor strength, thigh circumference, pressure pain threshold (PPT), plasma CK activity, and muscle soreness. Measurements were taken before and immediately after exercise and on days 1, 2, 3, 4, 7, and 14 postexercise. Changes in the measures over time were compared between the WBVT and control groups.
DOMS Inducement
Each participant began with a 5-minute warm-up on a stationary cycle ergometer at 50 W. Both experimental groups performed the exercise protocol to induce muscle damage. The exercise was performed on the dominant-limb knee extensors (based on kicking preference) against the lever arm of the isokinetic dynamometer (Biodex Medical Systems, Shirley, NY). Participants were secured to the dynamometer chair in a seated position using chest, waist, and thigh straps. Range of motion during exercise was 106 to 906 of physiologic knee flexion (06 5 full extension). Six sets of 10 maximal voluntary eccentric contractions, separated by 3 minutes, 26 were performed by the dominant limb, based on a pilot study that confirmed the production of muscle soreness. The concentric phase was set at 3006/s, and the eccentric phase was set at 606/s. The movement began at a knee angle of 906. At full knee extension, participants were instructed to resist maximally through the entire range of motion until full flexion had been reached. Then they were instructed to relax their muscles, and their limbs were returned to an extended position by the device at 3006/s after each eccentric contraction to ensure that only eccentric flexion was performed.
WBV Training
Volunteers in the WBV-training group were exposed to a vibration treatment using a vibration platform (Pro 5; Power Plate North America, Inc, Irvine, CA) before performing the exercises. They were asked to stand in half-squat position on the vibration platform with the knee bent at 1006 for 60 seconds. Participants wore no shoes but wore similar cotton socks to avoid the dampening effect of the sole of the shoes. The half-squat position was used to improve upon the performance enhancement noted by Cardinale and Lim, 27 who observed that standing on a vibrating platform in half-squat position elicited greater electromyographic responses in the vastus lateralis muscle than standing in the same position in the absence of vibration. Additionally, regarding the duration of WBV application, Bazett-Jones et al 28 found that a single 45-second bout of WBV at 2.80g (40 Hz, 2 to 4 mm) was an effective stimulus in eliciting improved countermovement jump performance in untrained women, lasting for approximately 5 minutes after exposure. The amplitude allowed by the vibration platform (peak to peak) was 5 mm. The frequency used in the experiment was 35 Hz; in professional women volleyball players, Cardinale and Lim 27 reported that a WBV frequency of 30 Hz (10 mm) elicited greater electromyographic root-mean-square values than 40 Hz and 50 Hz. Investigators 29 have proposed that in highly trained athletes, the effects of vibration training may be diminished due to less adaptive potential compared with untrained volunteers. Given the positive results found by Cardinale and Lim 27 in the trained population, we assumed that the physically inactive participants in our study might benefit from the settings used in their research.
Measurements
We measured maximal voluntary isometric and isokinetic knee extensor strength, thigh circumference, PPT, plasma CK activity, and muscle soreness for the exercised limb. All measurements except CK activity were taken twice during the familiarization session. Measurements were taken before and immediately after exercise and 1, 2, 3, 4, 7, and 14 days postexercise. Plasma CK activity was measured at the same time points as those described previously with the exception of immediately and 4 and 14 days postexercise. 30 Muscle strength was measured at the same time points except for 3 and 4 days postexercise because Paddon-Jones et al 30 found that acute bouts of slow-velocity eccentric exercise resulted in a shorter period of muscle soreness.
Muscular Strength. Unilateral limb isokinetic testing was performed on the isokinetic dynamometer to record isometric and isokinetic eccentric torque of the knee extensors. 25 The dynamometer was calibrated before the sessions in accordance with the manufacturer's instructions. The volunteers were seated in the 56 reclined position and firmly strapped at the shoulders, hips, and thighs at a knee-joint angle of 906 below full extension. The knee of the tested leg was aligned with the axis of the dynamometer. The tibial pad was secured to the shank 3 cm superior to the lateral malleolus. Appropriate gravity correction was performed before each testing session. For the maximal voluntary isometric contractions (MVICs), participants were asked to sustain maximal effort for 6 seconds at fixed knee-joint angles of 156, 306, 456, and 606 (where 06 was referred to as full extension) so that we could examine a possible shift in optimal angle. Visual feedback from the dynamometer and verbal encouragement from the investigator encouraged maximal effort throughout the protocol. The highest peak torque value of 2 measurements for each angle was used for subsequent analysis. The rest between MVICs was 1 minute, and a 3-minute recovery period was allowed between tests at different joint angles.
After the MVIC measurements, we assessed eccentric maximal voluntary torque of the knee extensors isokinetically at 606/s velocity with the same positioning as in the isometric assessment; the 806 range of motion was identified as extension (106) to flexion (906). The highest peak torque of 5 trials was accepted.
Pressure Pain Threshold. We measured PPT at 5, 10, and 15 cm above the patella using a 20-mL syringe with a spring inside that was scaled from 0 to 10. The rounded tip of the syringe was placed at the above-mentioned points in a vertical position, and the piston was pressed down while the participant was in the long-sitting position with a relaxed quadriceps muscle. He or she was asked to announce any unpleasant sensation (ie, pain), and then we recorded the number on the syringe as the PPT. 23 The mean value of the 3 sites was calculated and used for statistical analysis. This device was evaluated in a pilot study in our laboratory, and the intertester and intratester reliabilities were calculated as 0.95 and 0.89, respectively.
Plasma CK Activity. A blood sample of approximately 5 mL was drawn from the antecubital vein at each measurement time point. Serum was separated and frozen at 2206C before analysis. Serum CK activity was assessed on a Technicon RA 1000 (Technicon Ltd, Basingstoke, United Kingdom) random access analyzer using a Technicon test kit.
Muscle Soreness. We measured subjective pain via a 10-mm visual analog scale, with the far-left endpoint representing no pain and the far-right endpoint representing very sore muscles. Lying prone, volunteers actively flexed the knee and maintained the position for 10 seconds. 31 They then placed a mark on the scale representing the soreness experienced in the knee-extensor region. In the same manner, they rated the soreness experienced during full extension of the knee.
Thigh Circumference. We measured thigh circumferences at 5, 10, and 15 cm above the patella by a tape measure while the participant was in the long-sitting position with a relaxed quadriceps muscle. The marks were maintained using a permanent ink marker during the experimental period. Two measurements were taken from each marked site and averaged, and the mean value of the 3 measurement sites was used for statistical analysis.
Reliability of the Measurements. We obtained 2 measurements for all variables except CK and calculated the means. Measurement reliability and precision were quantified through the calculation of the intraclass correlation coefficient (ICC) (2,1) with the 95% confidence interval, using the data taken from the 5 volunteers during 2 preexercise sessions. The ICC (2,1) values for isometric and isokinetic strength, thigh circumference, PPT, and muscle soreness were 0.90, 0.92, 0.85, 0.95, and 0.89, respectively.
Statistical Analysis
We used SPSS (version 15; SPSS Inc, Chicago, IL) to conduct the analysis. Normal distribution of data was determined by the 1-sample Kolmogorov-Smirnov test, and parametric tests were used to analyze the data. With an independent-samples t test, we compared the baseline measurements between the groups at the beginning and end of training. Changes in variables over time were compared between the WBVT and control conditions using a 2-factor analysis of variance (treatment 3 time). When the analysis of variance showed a difference between conditions, we applied a Bonferroni post hoc test to identify the significance. Statistical significance was set at P , .05 for all analyses. Data are presented as mean 6 SEM unless otherwise stated.
RESULTS
No differences were noted between the WBVT and CT groups for the demographic variables (Table 1) . Baseline values for the all dependent variables showed no differences between the groups (Tables 2 through 4) .
Muscular Strength. Maximal isometric torque was larger at the 156 knee angle (27.3 6 2.3 Nm) than at other angles before exercise and throughout the measurements; however, the magnitude of decrease in torque postexercise was similar among the 4 angles. A decrease was seen in maximal isometric torque for the control group at all angles in all sessions (Table 2 ). In the control group, the torque decreased immediately postexercise by 42.70% below baseline, compared with a 7.50% decrease in the WBVT group. This decremental trend was shown in the control group at 24 hours (by 51.75%) and 48 hours (by 55.44%), whereas decreases of 12.21% and 13.45% were demonstrated at 24 and 48 hours, respectively, in the WBVT group. By day 14, a mean percentage decrease of 22.22% was still evident in the control group, compared with a 2.28% decrease in the WBVT group (P , .0001).
No time effect was found in maximal isokinetic torque at 606/s between baseline and any other sessions (immediately after or 1, 2, 7, or 14 days postexercise) in the WBVT group over time (P 5 .999, P 5 .167, P 5 .211, P 5 .183, and P 5 .999, respectively). Maximal isokinetic torque at 606/s changed over time within the control group (P , .001), decreasing by 42.53% below baseline immediately postexercise and by 49.02% and 52.88% at 24 and 48 hours, respectively. Between-groups comparisons of maximal isokinetic torque showed a decrease in the control group compared with the WBVT group (Table 3) .
Pressure Pain Threshold. A between-groups comparison of the mean change at 3 measured PPT sites showed a greater decrease in the control group than in the WBVT group (Table 4) . Both groups showed similar trends with decrements of 38.11% and 74.56% at 24 hours and 25.58% and 71.62% at 48 hours for the WBVT and control groups, respectively. However, the decreasing trend was steeper in the control group. After this time point, PPT in the WBVT group recovered to near pre-exercise level (P 5 .072), whereas it had not recovered by day 14 postexercise in the control group (P , .0001).
Plasma CK Activity. No difference in plasma CK activity between groups was evident before exercise (P 5 .065). At 24 hours postexercise, the CK peak value for the control group was 46% higher than that for the WBVT group (Figure) . In addition, the CK-level percentage increments at 24 and 48 hours were less in the WBVT group than in the control group (P 5 .003). At day 7, postexercise CK level was 24.82% above baseline in the control group and 4.46% above baseline in the WBVT group (Figure) .
Muscle Soreness. Before exercise, no participant reported any soreness during assessments. The DOMS developed after exercise in both groups in the flexion and extension conditions of the knee joint (Table 4) . At 24 hours, the mean pain increment equated to 36.02% and 82.25% in the WBVT and control groups, respectively. The control group reported greater perception of 36.44% and 46.03% postexercise DOMS than the WBVT group by 24 and 48 hours, respectively (P , .0001). Thigh Circumference. Baseline thigh circumference was not different between the groups (P 5 .603). Betweengroups comparison of limb girth showed no difference in the control group compared with the WBVT group (P 5 .59) ( Table 4 ).
DISCUSSION
We investigated the possible effects of a pre-eccentric exercise WBVT intervention on DOMS and other indicators of eccentric-exercise-induced muscle damage. The WBVT had an alleviative effect on the responses to DOMS-inducing exercise in terms of changes in maximal isometric and isokinetic force, PPT, plasma CK activity, and muscle soreness.
The magnitude of strength loss was different between the groups. Also, the magnitude of maximal isometric torque loss among different knee angles and the eccentric peak torque loss was lower in the WBVT group than in the control group. These results may reflect vibration's enhancement of the level of motor-unit activity, slowtwitch fiber recruitment, and motor-unit synchronization in accordance with Bakhtiary and colleagues' 23 results.
They showed that applying local vibration to the lower limb for 1 minute before downhill running was effective in attenuating DOMS compared with untreated volunteers. 23 Several proposed mechanisms may explain how the body reacts to vibratory stimulus. One theory 19, 29 suggests that acute changes to motor output due to WBV are most likely attributed to neural factors, such as enhanced musclespindle sensitivity and gamma activation, leading to increased motor-unit recruitment and neuromuscular facilitation. With the muscle-spindle threshold reduced, increased activity from Ia afferent fibers would increase muscle activation through facilitation of homonymous a motoneurons. 29 Accordingly, less muscle damage in the WBVT group compared with the control group in our study could be attributed to the heightened sensitivity of the muscle spindles. Enhanced spindle sensitivity could increase the level of preactivation and muscle stiffness and lower firing thresholds. A reduced threshold would also bring other spindles into play. 17 Increased synchrony of motor-unit firing could lead to a more efficient distribution of contractile stress over a larger number of active fibers. In line with these postulations, Cardinale and Lim 27 reported that the greatest electromyographic activity in the vastus lateralis muscle occurred when the frequency of the vibrating platform was at 30 Hz with the knee bent to 1006.
In addition, less torque loss in the WBVT group compared with the control group might be explained by Abbreviation: WBVT, whole-body vibration training. the ''muscle-tuning'' hypothesis. 22 Vibrations produce fast and short changes in the length of the muscle-tendon complex. Sensory receptors, probably muscle spindles, initiate reflexive muscle contractions in an attempt to dampen the vibratory waves, 22 referred to as the TVR. 20, 21 Dampening of the vibrations depends on the individual's viscoelastic properties (ie, stiffness), vibration frequency, and muscle length. 32 It has been suggested 33 that WBV also leads to a rapid increase in intramuscular temperature. Because the increase in temperature leaves the muscle less stiff, the muscle may require greater neuromuscular activation to dampen the WBV stimulus 33 and, therefore, less damage would result. Another theory 19 suggests that WBV can produce changes in gravitational conditions during the intervention. An increase in gravitational load increases the crosssectional area and force-generating capability of the muscles. 19 Several studies have indicated that TVR is composed of motor-unit activity synchronized and unsynchronized with the vibration cycle. Martin and Park 34 showed that at low vibration frequencies (#100 Hz), harmonic synchronization is predominant and TVR magnitude increases with vibration frequency. A TVR increase in the frequency range of 40 to 80 Hz results primarily from an increase in motoneuron depolarization with the firing frequency of Ia afferents, which leads to a recruitment of motor units of increasing threshold. 34 Conversely, Hopkins et al 17, 18 reported no alteration in stretch reflex magnitude or peroneus longus activation after ankle-inversion perturbation. These differences in the vibration effect may be caused by differences in the types of WBV devices used and differences in study design or footwear conditions; athletic shoes may have a dampening effect on the amplitude and frequency of the actual vibration when the stimulus is absorbed by the sole of the shoe. Marin et al 35 found that athletic shoes may alter the response to WBV.
Additionally, it is equally well established that repeated bouts of the same or similar eccentrically based exercise result in markedly fewer symptoms of damage than the initial bout. The effect of WBV in attenuating DOMS might be similar to the ''repeated-bout effect'' proposed by Nosaka and Clarkson, 36 who suggested that a neural adaptation can lead to a better workload distribution among fibers. Furthermore, some researchers 10,11 suggested that reduced electromyographic activity observed during a maximum eccentric contraction is due to incomplete activation of the motoneurons that innervate the muscle. Based on our results, we might hypothesize that WBV can more efficiently recruit motor units thorough incremental motor-unit activation, reflexive recruitment of previously inactive motor units, synchronization among active motor units, or a shift to slow-twitch fiber activation (or a combination of these).
We found less serum CK activity, higher PPT, and less muscle soreness in the WBVT group compared with the control group. Some authors 1,2,6 defined plasma CK activity as a sign of eccentric muscle damage. Release of this cytoplasmic protein can be due to either temporary muscle fiber damage accompanied by membrane leakage or death of the muscle fiber. 37 Due to preferential recruitment of fast-twitch motor units in eccentric contractions, fasttwitch fibers seem to be more susceptible to disruption. 6, 9 Thus, a change in motor-unit activation might reduce high fiber stresses and consequently limit myofibrillar disruption. Hence, it would seem reasonable that vibration could increase recruitment of slow-twitch motor units, distribute the contractile stress over a larger number of active fibers, and consequently leave the individual with a less damaged muscle. Furthermore, we could deduce that the lower level of muscle damage in WBVT group might lead to less production of pain substrates.
We found no differences between groups for thigh circumference. Previous authors 7, 38, 39 attributed the pain of DOMS to edema and swelling within the exercised muscle fibers. However, Smith 40 and Armstrong 41 argued that monocytes, which convert to macrophages, accumulate after injury and produce substances which, in turn, sensitize the type III and IV nerve endings within 24 to 48 hours. In addition, Buroker and Schwane 42 and Gulick et al 43 found that girth measurements of eccentrically exercised limbs did not increase at any postexercise assessment time, in accordance with our findings.
Our study was limited to a recreationally active collegeaged population. Whether these results can be attributed to athleticism warrants investigation. Also, our findings are limited by the lack of other measures (eg, electromyography) that would have allowed further explanation of these results. Studies should be performed to find an ideal combination of various vibration settings to achieve more efficient results.
CONCLUSIONS
We investigated the possible effects of WBVT on muscle damage. Based on these results, a single WBVT session, consisting of one 60-second bout at 35 Hz transmitted through a vibration platform with the participant in the half-squat position, seemed to be effective in attenuating DOMS, PPT, and plasma CK activity and controlling strength loss after a bout of eccentric exercise. Changes in plasma creatine kinase activity before (preexercise) and 1 to 7 days postexercise for the whole-body vibration training and control groups. Abbreviations: CK, creatine kinase; WBVT, whole-body vibration training.
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